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FOREWORD 


This  report  summaritoa  and  describes  the  work  done  on 
Contract  N00l6^-69-C-0036  during  the  period  from  1  August,  1966 
to  1  April,  1970. 

During  this  time  many  good  discussions  of  the  problems 
studied  have  been  hold  with  Nr.  B.  E.  Douda  of  the  U.S.  Naval 
Ammunition  Depot,  Crane,  Indiana.  Thanks  are  due  Mrs.  Jeanne 
Tucker  and  Mrs.  Bernice  Bender,  Computer  Servicee  Division,  En¬ 
vironmental  Science  Services  Administration,  Research  laboratory 
for  their  help  in  the  reduction  of  the  data.  Mr.  Donald  Dubbert 
and  Mr.  Marshall  P#u';er  of  the  Electronics  Division,  Denver  Research 
Institute,  were  instrumental  in  establishing  the  foundation  for  the 
data  reduction  procedures  which  were  finalised  at  ESSA,  while 
Mr.  George  Crater  and  Mr.  Ole  Thompson  have  contributed  greatly  to 
the  successful  completion  of  the  experimental  work. 
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I.  ABSTRACT 


This  report  summarizes  and  describes  an  extensive  spectroradiometric 
study  of  the  radiation  produced  in  the  0.43  micron  -  1.17  micron  region 
by  flames  resulting  from  the  combustion  of  magnesium  with  the  alkali 
and  alkaline  earth  nitrates  and  with  sodium  perchlorate  at  an  ambient 
air  pressure  of  630  torr.  Both  fuel  rich  and  stoichiometric  compositions 
were  studied. 

Additional  studies  were  made  of  the  influence  of  the  ambient  air 
pressure  on  the  combustion  of  a  57%  Mg,  38%  NaNO^,  5%  Laminae  composition 
at  ambient  air  pressures  ranging  from  760  torr  to  1  torr  to  determine 
quantitatively  the  decline  in  output. 

It  has  been  shown  that  1)  burning  rate,  radiance  and  luminance 
decrease  exponentially  as  the  ambient  pressure  is  decreased,  and 
quantitative  expressions  are  derived  for  these  changes,  2)  the  ratio  of 
visible  to  total  radiation  increases  as  the  pressure  decreases,  3)  sodium 
perchlorate  compositions  radiate  considerably  more  in  the  region 
0.8-1.17  micron  than  sodium  nitrate  compositions,  4)  a  central  zone 
of  the  flame  radiates  more  energy  from  stoichiometric  compositions  than 
from  fuel  rich  compositions,  5)  flame  temperatures  computed  from  the 
spectra  agree  with  the  theoretical  predictions  within  experimental 

error,  6)  reasonable  emissivity  value  in  the  region  of  the  D  lines 

i 

can  be  estimated,  7)  the  energy  radiated  in  a  particular  spectral  region 
can  be  maximized  by  a  proper  choice  of  the  oxidizer  cation. 


II. 


INTRODUCTION 


Beginning  in  1964  a  series  of  studies  (1-5)  were  initiated  to  investi¬ 
gate  in  considerable  detail  the  processes  occurring  in  the  flames  produced 
during  the  combustion  of  solid  pyrotechnic  fuel-oxidizer  compositions.  As 
information  was  gained,  the  methods  of  investigation  and  the  analysis  of 
the  data  become  more  quantitative  and  the  subjects  more  specific.  The 
present  report  is  believed  to  represent  a  culmination  of  the  first  phase 
of  these  studies  and  should  be  of  help  to  all  concerned  with  the  development 
of  pyrotechnic  systems. 

This  study  was  undertaken  to  determine  quantitatively  how  the  energy 
radiated  between  0.43  micron  and  1.17  micron  from  certain  pyrotechnic  flames 
is  distributed  under  normal  and  reduced  ambient  air  pressure.  The  composi¬ 
tions  studied  were  those  employing  materials  which  have  been  useful  in  the 
manufacture  of  pyrotechnics  and  which  are  readily  available  on  the  commercial 
market.  The  spectral  region  studied  includes  the  visible  and  the  near 
infrared,  in  order  to  provide  data  on  the  radiation  from  the  alkali  elements' 
resonance  lines.  It  happens  that  this  region  also  includes  the  range  of 
wavelengths  to  which  several  types  of  electronic  sensors  or  aids  to  vision 
respond  strongly.  The  data  are  therefore  useful  not  only  for  the  design 
of  illuminating  and  signalling  flares  for  visual  use,  but  also  for  those 
which  provide  near-infrared  illumination.  Because  the  spectroradiometric 
data  are  quantitative  rather  than  relative,  it  is  possible  to  compare  the 
results  obtained  from  stoichiometric  compositions  with  those  from  fuel-rich 
compositions  and  conclude  which  of  these  is  to  be  preferred.  Also,  the 
reason  for  the  superiority  of  sodium  as  a  component  of  visual  illuminating 
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flares  has  been  confirmed  by  putting  its  performance  in  a  quantitative 
relation  to  other  materials,  such  as  barium,  under  strictly  comparable 
conditions  of  measurement. 

Because  of  the  ease  with  which  data  can  be  treated  once  they  have  been 
introduced  into  a  computer,  it  has  been  possible  to  provide  a  number  of 
results  that  will  be  of  value  to  the  pyrotechnist.  These  include  colori¬ 
metric  data  and  tables  enabling  the  calculation  of  the  radiation  between 
any  two  wavelengths  in  the  tabulated  range. 

Caution  is  essential  to  avoid  being  misled  when  the  data  on  candle 
seconds  per  gram,  intensity,  etc.,  in  this  report  are  compared  with  values 
reported  in  the  pyrotechnic  literature.  Generally  speaking,  these  latter 
data  are  obtained  under  conditions  that  produce  values  which  represent 
radiation  from  entire  flame,  and  in  the  case  of  sodium-based  illuminant 
compositions  burning  at  sea  level  are  of  the  order  of  15,000-50,000  candle- 
power  seconds  per  gram.  The  values  of  roughly  400  cd-secs/gm  quoted  in 
the  present  report  are  approximately  1$  of  those  which  some  readers  may 
expect,  simply  because  of  the  small  area  of  the  flame  from  which  they 
wore  obtained.  Similar  considerations  apply  to  the  other  radiation  measure¬ 
ments,  which  are  described  in  detail  in  Appendix  D.  The  compositions  of 
the  flares  are  listed  in  Table  D-l,  Appendix  D. 
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111.  imUMIMMhN 

Thr  body  of  dal  i  which  I m  preai'ntud  li\  thta  report  la  the  rwrtult  of 
tin  effort  vo  further  t  lie  work  being  dona  nt  various  laboratories  »  NAIM’ ran*, 
Piontlnny  Arson* 1,  K(utn  AKll  •  to  plno*  th*  design  of  pyrotechnic  lllumlhanta 
on  n  sound  scientific  and  «»ngl n**rl n*  hauls.  Certain  g*n*ral  trends  hav» 
been  made  apparent  which  can  be  utilised  to  Improve  the  design  of  lllumlnat- 
1  iv,  comport l tloun  nnd  numb  new  basic  data  la  prenent.ed  which  will  provide  a 
greater  insight  Into  the  Mechanism*  which  control  the  product  of  light.  and 
color  by  pyrotechnic  Tinmen. 

A  useful  ftummnry  table  of  related  information  appearn  on  page  b-4b  of 
AMCP-706-l8'>,  Engineering  Design  Handbook,  Military  Pyrotechnic*  Series, 

Part  One,  April  iob'7. 

The  two  major  variables  chosen  for  study  were  1.)  the  influence  of  the 
ambient  pressure  in  which  the  combustion  occurs,  and  I?)  the  cation  of  the 
oxidizer.  In  addition,  the  nitrate*  and  perchlorates  of  sodium  were  both 
included  as  oxidizers  to  provide  a  comparison  between  two  materials  whioh 
experience  has  shown  to  be  of  great  practical  value  in  the  formulation  of 
pyrotechnic  compositions. 

The  experimental  conditions  are  given  in  detail  in  Appendix  J).  The 
various  compositions  were  pressed  into  33  mm  i.d.  fiber  cases  and  burned 
in  a  steel  chamber  provided  with  ports  through  which  the  flames  could  be 
studied  with  n  scanning  spectrometer  and  a  1.5  meter  grating  spectrograph 
under  selected  ambient  pressures. 

A.  Pressure  Study 

From  the  data  taken  on  flares  containing  57$  Mg,  38$  NaNOy  5$  laminae 
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shown  in  Table  1,  "Summary  of  Results  from  the  Pressure  Study,"  the 
marked  decrease  in  radiance  which  occurs  as  the  ambient  pressure  is  decreased 
is  readily  apparent.  This  quantitative  information  on  the  pressure  decre¬ 
ment  is  important  because  of  its  application  in  the  design  of  flares  for 
high  altitude  applications.  It  is  also  important  because  it  provides  a 
part  of  the  data  needed  to  analyze  the  mechanisms  of  the  flame  reactions; 
this  analysis  is  needed  if  a  successful  mathematical  model  is  to  be  created. 
In  the  long-run,  the  latter  application  will  probably  be  the  more  important 
one. 

When  the  data  on  duration  vs.  pressure  are  plotted  (see  Figure  l)  it 
is  found  that  the  burning  rate  can  be  described  by  an  equation  of  the  form 

t  -  KPn  p  =s  5  torr 

in  which  t  =  burning  duration,  seconds;  P  =  ambient  pressure,  torr  and  K 
is  a  constant.  For  these  particular  flares,  n  =-l/3  and  K  =  63;  the  value 
of  n  is  believed  to  be  typical  for  a  wide  range  of  compositions  and  sizes, 
while  the  value  of  K  probably  typifies  a  specific  composition.  At  values 
of  p  less  than  5  torr,  combustion  is  uncertain  and  the  divergence  from  the 
value  predicted  by  this  equation  is  not  surprising.  A  careful  study  of 
combustion  at  pressures  below  5  torr  should  be  undertaken  to  determine 
whether  the  same  law  applies  or  a  new  mechanism  is  occurring.  At  pressures 
from  5  torr  to  760  torr,  the  burning  time  is  inversely  proportional  to  the 
cube  root  of  the  pressure.  Now  consider  the  data  concerning  the  radiant 
intensity  and  the  power  -  which  is  a  function  of  the  ambient  pressure  - 
furnished  by  the  combustion  of  the  flare  composition,  which  are  described 
by  the  following  equations  for  the  flares  studied: 

T  =  K-jPn  and  E  =  KgP* 
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Y  OF  RESULTS  FROM  THE  PRESSURE  STUDY 
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In  which  E  »  kilocalories  sec"1,  I  ■  watts  ater"1  and  P  »  torr.  From  the 
data  obtained  in  the  present  case,  K1"4.0xl0“5»  n  -  2.16,  Kg  ■  2.0  and 
q  *  0.35. 

Comparing  these  equations,  it  is  of  interest  to  note  the  exponential 
decrease  in  the  rate  at  which  power  is  generated  by  the  burning  composition. 
From  this  observation  the  radiant  output  of  the  flame  also  would  be  expected 
to  change  exponentially  as  a  function  of  the  pressure.  That  is  to  say,  the 
decrease  in  burning  rate  of  the  composition  with  decreased  ambient  pressure 
follows  an  exponential  law  and  a  corresponding  reduction  in  radiated  power 
would  be  anticipated.  However,  the  reduction  in  radiant  intensity  is  con¬ 
siderably  greater  than  the  reduction  in  the  rate  of  energy  release,  as  can 
be  seen  from  the  exponents  in  these  relations.  It  is  hypothesized  that  in¬ 
asmuch  as  a  finite  area  of  flame  was  measured,  it  may  be  that  the  radiance 
has  been  further  decreased  by  the  expansion  of  the  flame  at  lower  pressures, 
in  addition  to  the  intensity  change  that  is  anticipated  from  the  decrease 
in  burning  rate.  This  implies  a  reduction  in  the  number  of  radiators  per 
unit  volume  (or  area)  with,  perhaps,  a  reduction  in  the  percentage  of 
possible  radiators  that  have  been  excited.  The  reduction  in  the  number  of 
excited  atoms  would  be  expected  from  the  decrease  in  the  rate  at  which 
atomic  species  are  created  as  the  burning  rate  is  decreased;  a  lowered 
flame  temperature  which  may  result  from  the  lower  rate  of  energy  release 
would  create  fewer  excited  atoms  and/or  molecules. 

The  reduction  in  the  effectiveness  of  flares  as  illuminants  when  com- 

) 

bustion  occurs  at  the  reduced  pressures  of  high  altitutdes  has  been  known 
for  some  time  and  various  compositions  have  been  described  as  useful  in 
minimizing  the  effect.  From  the  present  quantitative  results  it  appears 
that  empirical  changes  in  the  composition  do  not  attack  the  source  of  the 
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problem  effectively.  Studies  should  be  directed  toward  the  discovery  of 
effective  means  of  maintaining  the  flame  temperature  and  the  concentration 
of  the  emitting  species. 

As  a  final  comment,  it  is  interesting  to  note  in  Table  1  from  columns 
7  and  8  that  the  ratio  of  visible  radiation  to  the  total  radiation  measured 
increases  at  low  pressures.  This  is  quite  evident  in  Figure  2  through  6. 

In  these  spectra,  it  is  evident  that  at  higher  pressures  a  large  amount  of 
power  is  radiated  in  the  region  beyond  0.65  micron,  which  is  wasted  so  far 
as  visual  effectiveness  is  concerned.  As  the  pressure  is  reduced  the  amount 
of  power  radiated  in  this  longer  wavelength  region  relative  to  that  produced 
between  0. 45-0. 65  micron  (due  primarily  to  excited  Na  atoms)  is  greatly- 
diminished.  The  desirability  of  research  aimed  at  utilizing  this  observa¬ 
tion  by  finding  methods  of  increasing  the  concentration  of  useful  radiators 
in  the  flame  and  maintaining  high  flame  temperatures  independently  of  the 
ambient  pressure  condition  is  apparent. 

The  investigation  of  pres sure -related  phenomena  was  stopped  at  this 
level  in  order  to  round  out  the  desired  coverage  of  the  present  study  by  a 
series  of  measurements  on  composition-related  effects.  This  does  not  mean 
that  the  pressure  studies  are  considered  as  completed.  For  example,  an 
Arrhenius  type  of  plot  of  the  burning  rate  in  kilocalories  per  second  vs. 
reciprocal  pressure  can  be  constructed  from  the  data  in  the  summary  table, 
which  shows  a  change  in  rate  at  approximately  100  torr.  By  extending  the 
range  of  these  measurements  and  simultaneously  determining  the  lumber  of  moles 
of  nitrogen  and  sodium  vapor,  data  concerning  the  Mg-NaNO^  rate-controlling 
reaction  can  be  obtained.  These  data  also  will  be  needed  in  the  construction 
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of  a  rational  model  which  can  predict  flare  behavior  and  design  parameters, 
for  whatever  compositions  are  of  interest.  It  can  only  be  obtained  by 
experimental  work  of  the  general  nature  performed  in  the  present  study. 

B.  Composition  Study 

The  next  phase  of  the  study  was  an  investigation  of  the  power  distribu¬ 
tion  of  the  radiation  in  the  0.43-1.17  micron  spectral  range  that  is 
produced  by  the  alkali  and  alkaline-earth  cations  when  the  corresponding 
nitrates  are  employed  as  oxidizers. 


REMOVED  DURING  REVIEW  BY  NAD  CRANE 


From  the  quantitative  measurements  that  were  made  of 
the  radiation  produced  by  the  flames  of  stoichiometric  compositions,  and 
compositions  containing  a  fixed  ratio  of  oxygen  to  fuel,  it  is  possible  to 
show  certain  general  trends  that  should  be  considered  in  the  design  of  flares. 
The  data  obtained  in  this  phase  have  been  summarized  for  discussion  in 
Table  2  and  Figures  7  and  8. 

Comparison  of  the  energy  radiated  per  gram  from  the  central  region 
of  the  flame  from  these  compositions  shows  very  clearly  in  Figure  9  that  the 
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SUMMARY  OF  SPECTROGRAPHIC  AND  RELATED  RESULTS 
FROM  0.43-1.17  MICRONS,  COMPOSITION  STUDY 
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STOICHIOMETRIC 


I  MOL  MAGNESIUM  TO  177  MOL  OXVQEN 


Figure  8. 

Spectral  Radiant  Intensities  of  the  Alkaline  Earth  Metals  and 
Sodium  Perchlorate  Compositions 
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stoichiometric  composition  is  more  efficient  in  all  cases.  In  view  of 
the  greater  radiance  produced  by  fuel-rich  compositions  that  is  normally 
observed  from  magnesium- sodium  nitrate  illuminating  composition,  this 
result  was  unexpected.  However,  candlepower  measurements  made  in  the 
ordinary  way  are  taken  of  the  radiation  produced  by  the  entire  flame  area, 
whereas  in  the  present  studies  the  radiation  studied  came  from  a  small 
region  (See  Appendix  D)  of  the  flame.  It  is  concluded  that  the  difference 
in  the  relative  efficiency  is  a  consequence  of  the  difference  in  the 
radiation  produced  by  the  mall,  central  area  of  the  flame  and  that  from  the 
entire  flame.  In  view  of  the  rather  large  change  that  occurs  between  total 
flame  and  local  flame  radiance,  it  would  be  worthwhile  to  study  these  flames 
in  a  mapping  process  to  examine  this  phenomenon  in  greater  detail. 

Various  hypotheses  can  be  advanced  to  account  for  this  difference,  but 
at  the  current  state  of  knowledge  of  these  processes  they  would  probably 
represent  only  interesting  speculations. 

As  the  atomic  weight  of  the  alkali  cation  increases,  the  amount  of 
energy  radiated  per  gram  also  increases,  as  is  evident  from  Figure  11,  from 
which  it  may  be  concluded  that  the  stoichiometric  composition  which  contains 
the  oxidant  of  highest  molecular  weight  will  produce  the  greatest  amount 
of  radiant  energy  per  gram  of  mix  burned.  The  ratios  of  the  radiated 
energies  from  the  stoichiometric  mixes  to  those  from  mixes  containing  a 
constant  ratio  of  1.77  mol  oxygen  per  mol  of  magnesium  range  from  2.9  to 
1.7  as  the  atomix  weight  of  the  oxidizer  cation  increases  as  may  be  seen 
in  Figure  10. 

Tlie  MK  24  flare  candle  uses  essentially  the  same  composition  as  the 
38.0*6  NaNOj,  57%  Mg,  5%  binder  mix  used  in  the  present  tests.  An  increase 
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Figure  10,  Power  Ratios  of  Compositions 
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in  radiated  energy  per  gram  of  1.7  times  is  obtained  from  the  stoichiometric 
formula  of  51.51  NahJO^,  43.8%  Mg,  5%  binder;  if  vhie  central  radiance  ratio 
can  be  produced  throughout  the  flame ,  a  considerable  performance  gain  would 
result. 

Comments  analogous  to  the  above  can  be  made  even  more  positively  with 
regard  to  the  alkaline  earth  nitrate  compositions.  Similar  plots  of  the 
results  produced  by  the  combustion  of  stoichiometric  and  constant  mol  ratio 
mixes  of  calcium,  strontium  and  barium  are  included  in  Figures  7-11.  It 
is  apparent  that  with  these  materials  the  stoichiometric  compos itions 
radiate  more  energy  per  gram  than  do  the  fuel  rich  compositions  and  that 
this  trend  becomes  more  pronounced  as  the  atomic  weight  of  the  nitrate 
increases.  The  effect  is  more  pronounced  for  the  alkaline  earth  nitrate 
mixes  than  for  the  alkali  nitrate  mixes. 

If  the  power,  rather  than  the  energy  per  gram,  is  of  major  interest  to 
a  particular  designer  it  may  be  seen  from  comparisons  of  the  watts/s teradian 
values  in  Figure  11  that  a  condition  exists  similar  to  that  found  with  the 
energy  values. 

However,  when  the  luminous  intensity  values  are  compared,  the  striking 
superiority  of  flares  containing  sodium  becomes  immediately  apparent. 

Further,  perchlorate  mixtures  which  contain  an  equal  number  of  sodium  atoms 
are  superior  to  those  based  on  the  nitrate  by  approximately  201  as  is 
evident  in  Table  2  and  Figure  12. 

Efficiency  in  the  production  of  light  may  be  considered  as  the  con¬ 
sequence  of  the  coordination  of  two  factors.  One  is  the  efficient  production 
of  radiant  power,  the  second  is  the  concentration  of  that  power  in  a  desired 
region  to  the  greatest  possible  extent.  A  flare  containing  sodium  almost 
automatically  produces  power  in  the  visible  region  as  a  consequence  of  the 
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atomic  structure  of  this  alkali.  The  resonance  radiation  of  sodium  lies 


in  the  region  to  which  the  eye  is  mo^L  sensitive,  while  resonance  radia¬ 
tion  from  the  other  alkali  metals  lies  in  the  near  infrared.  Because  the 
resonance  radiation  from  any  one  atomic  species  requires  the  least  energy 
for  its  excitation  it  tends  to  be  the  dominant  spectral  feature.  The 
excitation  energy  required  by  the  sodium  resonance  lines  is  roughly  l4<$ 
greater  than  is  needed  by  lithium  and  50$  greater  than  needed  by  cesium. 
The  flame  temperature  determines  the  excitation  energy  available  and, 
while  other  factors  also  affect  the  radiation  intensity,  would  produce  at 
a  certain  low  temperature  only  cesium  radiation,  followed  by  rubidium, 
potassium,  lithium  and  sodium  as  the  temperature  is  increased.  Then,  at 
a  given  temperature  less  radiation  from  sodium  than  from,  say,  cesium, 
might  be  expected.  That  is  believed  to  be  the  fundamental  explanation  for 
the  shape  of  the  curves  in  Figure  9  and  Figure  13  from  which  it  is  seen 

that  essentially  this  relation  is  followed  by  the  alkali  metals.  As  a 

! 

result,  the  sodium  flare  should  exhibit  a  greater  loss  of  radiance  with 
decreasing  flame  temperature  than,  say,  cesium.  Sinee  it  appearc  that  a 
drop  in  flame  temperature  occurs  as  the  ambient  pressure  is  lowered,  use 
of  cesium  in  non-visual  tracking  flares  would  minimize  the  reduction  in 
radiance  at  high  altitudes. 

i 

The  radiation  from  the  alkali  metals  is  basically  atomic,  modified  by 
high  temperature  and  atom  concentrations  to  produce  a  considerable  amount 
of  continuum  radiation.  Even  so,  the  predominant  feature  of  these  spectra 
is  the  line  structure  which  is  evident  in  the  spectrograms  in  Appendix  B. 
The  alkaline  earths,  however,  produce  spectra  which  exhibit  several  lines, 
but  are  really  characterized  by  band  structure  from  excited  molecules  such 
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Figure  13 


RADIANT  ENERGY  VS  RESONANCE  EXCITATION  ENERGY 
of  ALKALIES 


&  Alkali  Nitrate,  Stoichiometric 
X  Alkali  Nitrate,  1  mol  Mg  to  1.77  md  Og 


HO  '»iul  Hill.  Thcne  Imndn  >wr  evident  In  t.h*-*  nprcl  t'l'grwmrt  of*  I  he  alkaline 
earth  1’iiinpi'.! I  tl uu.m  shown  In  Appendix  M,  mnolul  Ion  <»f  the  np*n't  roi'rnmn 

lft  quite  good,  whereat*  In  (hr  aped. rat  Intensity  plota  llwt  are  contained 
In  Appendix  A  It  In  tmponalhle  to  nnr  the  fine  rttruolural  details,  Thun, 
the  major  emitters  are  on, illy  Identified  from  the  grating  spectra  while 
the  power  radiated  at  various*  wave lengl ha  can  he  aeri*  directly  from  the 
intensity  plots.  The  alkali  n.t  trnten  produce  Intensity  plot**  which  am 
characterized  by  a  spike-ltke  shape,  riding  on  n  general  background  level 
of  radiation  which  In  typical ly  from  '4  t.o  ;)ty)6  of  the  aplkr  amplitude. 

The  alkaline  earths  produce  a  greater  level  of  background  In  proportion  to 
the  spikes.  A  progressive  change  in  apparent  In  passing  from  calcium, 
which  still  has  a  predominant  spike  structure,  to  barium,  which  exhibits 
no  spikes  but  a  broad  hump  in  the  near  infrared. 

Examination  of  Figure  12  reveals  that  barium  is  the  nearest  competitor 
to  sodium  in  luminous  intensity,  when  employed  in  a  stoichiometric  formula¬ 
tion.  Special,  reasons  might  dictate  the  use  of  an  oxidizer  that  does  not 
contain  sodium,  in  which  event  the  barium  compositions  should  be  considered. 

The  reasons  for  the  general  Inferiority  of  the  alkaline  earths  as  pyro¬ 
technic  illuminants  are  apparent  from  the  radiant  intensity  plots,  where 
the  general  predominance  of  band  structure  results  in  the  production  of 
radiation  which  is  distributed  throughout  the  spectrum  instead  of  being 
concentrated  in  a  few  locations  which  happen  to  bo  visually  quite  effective 
as  is  true  of  the  radiation  from  sodium  flames.  The  addition 
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of  halogens,  such  as  chlorine  or  fluorine,  to  barium  compositions  causes 
the  production  of  intense  bands  in  the  green  region  due  to  BaCl  or  BaF 
molecules.  These  compositions  are  useful  as  green  signals  although  degra¬ 
dation  of  the  color  purity  by  the  bands  outside  the  green  region  is  difficult 
to  overcome.  However,  neither  calcium,  strontium  or  barium  can  compete 
with  sodium  as  an  illuminant  for  the  reasons  given  above. 

In  conjunction  with  the  above  comments  on  the  use  of  halogens  to  shift 
the  radiation  pattern  into  a  preferred  region  of  the  spectrum  notice  should 
be  taken  of  the  effect  of  chlorine  in  sodium  compositions.  Compare  the 
radiant  intensity  plots  in  Appendix  A  for  B-2  and  B-10  flares  with  those 
for  B-19  and  B-20  flares.  At  approximately  0.55  microns  a  shoulder  or  jog 
is  apparent  in  the  B-2  and  B-10  spectral  plots  which  does  not  appear  in  the 
B-19  or  B-20  spectra.  The  same  phenomena  is  observable  on  the  grating 
spectrograms  in  Appendix  B.  At  the  same  time,  note  the  great  increase  in 
the  energy  radiated  beyond  0.78  micron  by  the  perchlorate  compositions  as 
compared  to  the  nitrates.  An  explanation  for  these  changes  may  be  that  a 
different  flame  species  is  created  in  the  presence  of.  chlorine  which  radi¬ 
ates  in  the  near  infrared.  The  phenomenon  should  be  studied  further  ' 
because  it  may  provide  important  clues  to  the  reactions  which  occur  at  the 
temperature  of  the  flame,  currently  not  well  understood. 

C .  Flame  Temperatures 

The  experimental  values  of  absolute  radiant  intensity  can  be  used  to 
calculate  a  temperature  on  the  assumption  that  the  flame  is  radiating  as 
a  gray,  or  black,  body  would.  That  is,  the  emissivity  of  the  flame  is 
assumed  either  to  be  independent  of  temperature  and  wavelength,  or  to  be 
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known.  If  the  emissivity  is  truly  independent  of  temperature  and  wave¬ 
length  then  by  the  use  of  a  modified  equation  it  can  be  eliminated  from 
the  calculation. 

The  flame  is  not  in  general  a  black  or  graybody  radiator,  but  some 
evidence  exists  that  it  may  behave  at  certain  specific  wavelengths  as 
though  it  were.  This  condition  requires  that  the  flame,  over  a  narrow 
spectral  region,  be  01  the  same  radiance  as  that  which  a  blackbody  would 
produce;  this,  it  is  thought,  may  occur  in  flames  that  are  optically  thick 
and  also  saturated  with  some  selective  emitter.  An  alkali  nitrate  flare 
flame  may  meet  these  conditions  if  the  alkali  atom  concentration  is  high 
enough  and  the  physical  thickness  of  the  flame  is  adequate.  The  alkali 
atom  concentration  can  be  assumed  to  be  adequate  if  one  accepts  the  view 
of  Strong  and  Bundy(^)  that  this  condition  is  detectable  as  an  extreme 
broadening  of  the  resonance  lines.  Such  extreme  broadening  is  noted  at 
pressures  of  about  300  torr  or  more  in  the  alkali  metal  flames  that  have 
been  studied  in  this  project  and  it  has  therefore  been  of  interest  to 
examine  the  temperatures  calculated  from  the  intensities  measured  in  the 
region  adjoining  the  resonance  lines. 

The  measured  values  of  radiance  may  be  in  error  by  approximately  15$ 
(See  Appendix  D)  and  it  has  been  deemed  necessary  first  to  estimate  the 
temperature  variation  that  may  be  expected  from  this  uncertainty. 

The  brightness  temperature  is  given  by  Wien’s  Law  as 
T  =  -6.25  x  103/^(log  L  +  5  logX-U.573) 
for  an  emissivity  of  unity.  If  the  emissivity  is  not  unity,  the  value 
(-4.573)  must  be  replaced  by  that  which  corresponds  to  log  (l/ec^);  e  is 
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the  emissivity  and  =  3.741  x  10 14  w  jcx4  cm-2,  L  is  the  radiance  in  watts/ 
cm2 /micron  and  A  is  the  wavelength  in  microns. 

It  may  easily  be  calculated  from  this  that  an  error  of  15$  in  L  will 
be  reflected  as  an  error  of  30°K  to  50°K  in  the  region  of  2000°K  to  3000°K. 

Similarly,  the  derived  relation 

t  =  (0.4343)  (1.439  x  iou)  (Xg1  -T^1)  -5- 

(log  Ll/L2  -5  log  'Xg/X^ 

used  to  compute  the  temperature  when  the  emissivity  is  assumed  to  be  the 
same  at  and  may  be  evaluated  for  the  change  due  to  an  error  in  L_^ 
and  L^.  In  the  same  1000°K  temperature  range,  an  error  of  +15$  in  and 
-15$  in  -  representing  a  "worst  case"  condition  -  would  produce  an  error 
in  temperature  of  around  2200°K. 

From  this  it  would  appear  desirable  to  compute  the  brightness  tempera¬ 
tures  at  two  wavelengths  as  well  as  the  temperature  from  the  intensity  ratio 
at  these  same  wavelengths.  If  there  is  more  than  100°K  difference  between 
the  brightness  temperatures,  or  between  them; and  the  ratio  temperature, 
these  temperatures  are  probably  quite  meaningless  because  of  error  of 
measurement  or  failure  to  satisfy  the  assumptions.  If,  on  the  other  hand, 
the  three  temperatures  agree  within,  say,  100°K  they  may  represent  a  flame 
temperature  that  can  be  correlated  with  the  flame  processes.  Therefore,  as 
a  matter  of  interest,  these  three  temperatures  have  been  calculated  as  a 
part  of  the  data  reduction  process  and  some  are  shown  in  Table  3*  A  fair 
agreement  exists  between  the  brightness  temperatures,  but  they  are  generally 
around  50C°K  higher  than  the  ratio  temperature  in  the  case  of  the  sodium 
nitrate  compositions. 
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TABLE  3 


CALCULATED  APPARENT  SODIUM  FLARE  FLAME  TEMPERATURES 


Oxidant 

Wavelength,  microns,  of  Intensity  Measurement 

m 

0.577^.005 

0.821+.005 

0.594+. 005 
to 

0. 577+. 005 

0.821+.005 

to 

(X) 

BRIGHTNESS, 

°K 

RAT 

10,  °K 

VaN03 

3124 

3190 

2765 

It 

3148 

3216 

2869 

II 

(J)  3116 

3175 

2520 

II 

3122 

3183 

2698 

II 

3120 

3178 

2599 

II 

(J)  3097 

3149 

2396 

¥aC104 

3124 

4886 (.598) 

II 

3164 

3203 

2725 

£484 

■■Hi 

II 

3206 

■ESS 

II 

3176 

3220 

3074 

II 

3162 

2541 

2615 

II 

3104 

3148 

II 

3162 

2546 

3413 

It 

3110 

2502 

3469 

II 

(j)  3169 

2529 

(J)  From  intensity  values  corrected  for  slit  width. 


32 


Suppose  then  that  saturation  does  occur  at  the  O.589O  micron  region, 
peaking  at  about  0.577  micron,  but  does  not  quite  exist  in  the  region  due 
to  the  O.5896  micron  line,  whose  intensity  peaks  around  0.59*+  microns. 

It  would  then  be  found  that  the  brightness  temperatures  computed  at  the 
peak  intensities  due  to  these  resonance  lines  differ  and  that  the  value 
obtained  at  0.577  microns  exceeded  the  0.59*+  micron  value.  The  data  from 
sodium  nitrate  show  that  the  0.577  micron  values  for  temperatures  are 
indeed  consistently  some  60°K  greater  than  the  0.59*+  micron  values.  The 
difference  of  60°K  does  not  at  first  appear  to  be  adequate  to  account  for 
the  550°K  difference  noted  between  the  average  ratio  temperature  (2635°K) 
and  the  average  0.577  micron  brightness  temperature  (3l85°K).  However,  if 
the  Wien  equation  is  solved  for  the  value  of  the  emissivity  needed  to  make 
these  two  temperatures  agree,  it  is  found  that  the  emissivity  is  0.917. 

This  is  quite  a  high  value  of  emissivity  compared  to  the  theoretical 
maximum  of  1.00.  If  this  emissivity  value  is  to  be  accepted,  it  should 
also  account  for  the  observed  60°K  brightness  temperature  difference  noted 
before.  The  calculated  correction  amounts  to  37°K,  which  is  approximately 
two-thirds  of  the  expected  value.  While  the  agreement  is  not  complete,  it 
is  adequate  to  support  this  hypothesis  when  the  measurement  accuracy  is 
recalled. 

If  the  temperatures  calculated  for  similar  compositions  by  sophisticated 
thermochemical  computer  programs  are  examined  it  will  be  found  that  they 
range  from  2600°K  to  3100°K,  depending  upon  the  exact  nature  of  the  assump¬ 
tions  made  in  the  calculation. 

It  appears  that  the  temperatures  calculated  from  the  data  obtained  in 
this  study  are  realistic,  agreeing  fairly  well  with  theoretically  calculated 
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values;  that  there  may  be  a  difference  in  the  emissivity  at  particular 
wavelengths  in  the  small  flares  used  in  the  study  which  was  not  suspected; 
and  that  further  efforts  are  warranted  to  improve  the  accuracy  of  measure¬ 
ment  so  that  better  values  of  temperature  and  emissivity  can  be  obtained 
for  use  in  a  flare  mathematical  model  based  on  the  reaction  processes. 

In  closing  this  discussion  it  is  well  to  note  that  the  materials  used 
in  compounding  these  flares  were  of  good  commercial  quality  but  were  not 
especially  purified.  As  a  result,  there  is  some  residual  amount  of  each 
alkali  that  remains  in  the  salts  of  the  others  which  is  quite  evident  when 
the  spectra  are  examined.  There  is  undoubtedly  some  change  in  relative 
amplitude  of  the  radiance  produced  by  a  given  nitrate  due  to  this  lack  of 
complete  purity.  On  the  other  hand,  this  study  is  directed  toward  practical 
ends,  for  which  reason  the  use  of  especially  pure  materials  was  not  appro¬ 
priate.  The  cost  of  such  materials  would  make  their  use  in  military  pyro¬ 
technics  completely  uneconomical;  the  performance  changes  that  would  be 
expected,  except  for  specialized  applications,  would  be  insignificant. 
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IV. 


CONCLUSIONS 


The  marked  decrease  in  the  efficiency  of  illuminating  compositions 
which  has  been  observed  at  high  altitudes  has  been  substantiated  and 
quantitative  relations  derived  between  the  ambient  pressure  and  the  energy 
release  rate,  the  burning  rate  and  radiance  of  a  typical  magnesium- sodium 
nitrate  composition.  It  is  found  that  the  radiance  and  rate  both  change 
exponentially  with  pressure  and  that  a  decided  shift  occurs  in  the  spectral 
distribution  of  the  radiation,  relatively  more  visible  radiation  being 
emitted  at  lower  pressures  with  respect  to  the  total  emitted  between  0.43 
micron  -  1.17  microns.  Some  evidence  was  found  for  a  change  in  the  combustion 
mechanism  at  pressures  less  than  10  microns,  evidenced  by  a  change  in  the 
slope  of  the  pressure  vs  rate  graphs. 

Both  alkali  and  alkaline  earth  nitrate  oxidizers  produced  higher 
radiance  from  stoichiometric  mixes  than  from  fuel-rich  compositions,  con¬ 
trary  to  findings  based  on  whole  flame  measurements.  This  difference  must 
be  due  to  a  change  in  radiation  processes  which  occurs  in  moving  from  the 
center  to  the  outside  of  the  flame. 

With  regard  to  the  central  tame  zone  near  the  candle  end,  the  following 
conclusions  result  from  these  studies: 

a.  Stoichiometric  compositions  radiate  more  energy  per  gram  or  per 
second  than  fuel-rich  compositions. 

b.  Stoichiometric  compositions  containing  oxidizers  with  high  atomic 
weight  cations  are  as  much  as  four  times  as  effective  in  the  production  of 
radiant  power,  per  gram.  The  same  trend  is  observed  in  the  fuel-rich 
compositions  but  to  a  lesser  degree.  A  similar  conment  may  be  made 
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concerning  radiant  intensity,  but  again  the  effect  is  less  marked. 

c.  Concerning  luminous  intensity,  a  similar  situation  exists  but 
because  of  the  effect  of  the  visibility  function,  an  enormous  leverage  is 
exerted  by  radiators  which  emit  in  the  visible  region  of  0.4-0. 7  micron. 

This  is  the  reason  for  the  effectiveness  of  sodium  compositions,  followed  in 
utility  by  those  containing  barium. 

d.  It  is  found  that  sodium  perchlorate  compositions  radiate  much  more 
energy  than  the  nitrate  in  the  region  beyond  0.8  micron  and  should  be 
considered  when  radiation  is  required  in  this  region.  A  shoulder  in  the 
radiant  intensity  vs  wavelength  which  is  observed  in  NaNO^  flames  at  about 
0.55  micron  does  not  occur  in  the  NaClO^  flames,  indicating  a  change  in  the 
species  present. 

e.  Those  elements  with  the  lowest  excitation  potential  are  the  most 
efficient  sources  of  radiant  energy.  This  reinforces  other  considerations 
which  require  a  high  flame  temperature  for  efficient  radiation  of  useful 
energy. 

f.  Optically  deteimined  flame  temperatures  of  the  NaNO^  -  Mg  flares 
have  been  found  to  agree  with  theoretical  predictions  within  the  experimental 
limits  of  error.  Some  evidence  has  been  found  that  1)  these  small  flares 
are  not  quite  optically  thick  and  2)  that  there  is  a  small,  unexpected 
variation  in  emissivity  near  the  D-lines, 

Finally,  much  work  needs  to  be  done  to  refine  and  extend  these  measure¬ 
ments  but  for  the  first  time  a  coherent  body  of  quantitative  data  on  these 
flames  has  been  created. 
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APPENDIX  A 


PLOTS  OF  SPECTRAL  INTENSITY’  VS.  HAVE  LENGTH 
RANGE  O.U3  MICRON  -  1.17  MICRON 


EUMHTT 

TYPE 

FILE  16  RUNS 

FILE  17  RUNS 

LL 

B1 

K  5 

5,  6 

Na 

B2 

7 

7,  8 

K 

B3 

8.  9 

11 

Rb 

B4 

10,  11 

101,  102 

Cs 

B5 

101,  102 

104,  105 

Ca 

B6 

104 

108 

Sr 

B7 

105,  106 

109,  110 

Ba 

B8 

107,  108 

201,  202 

Stolch 

B17 

305,  306 

311 

LL 

B9 

2 

204 

Ma 

BIO 

201,  202 

205,  206 

K 

Bll 

203 

207,  208 

Rb 

B12 

205 

209,  210 

Cs 

B13 

207,  208 

301,  302 

Ca 

BlU 

201 

304,  305 

Sr 

B15 

302 

306,  307 

Ba 

Bl6 

303 

309 

Molal 

Bid 

109,  no 

401,  402 

Stoich  NaClO^ 

»19 

307,  308 

403,  4o4 

Molal  NaCIO, 

B20 

309,  3X0 

406 

A1 


DATE  8/27/69  FILE  16 
DATE  9/02/69  FILE  17 


•AVELEN6TM  *  H I CRONS 


TEST  DATE  8/27/69  F* 
TEST  DATE  9/02/69  FI 
SOURCE  B-  2  FLARE  NA 


*W£ LWTm  -  HIOKMS 


TEST  DATE  «/21/SS  H 
TEST  DATE  5/62/63  fl 
SOURCE  B-  4  FLARE  «8 


••vELEWfH 


A11SN31NI  INVIOVU 


vavclm^m  -  Hicaovs 


»Av£iEN6Th  •  K I  CRONS 


TEST  OATE  8/28/69  FILE  t6  RUNS  107,  <08 
TEST  OATE  9/03/69  FILE  *7  RUNS  201.  202 
SOURCE  B-  8  FLARE  BA 


VAVCLEN6TH  -  micboss 


TEST  DATE  8/27/65  FILE  16 
TEST  DATE  9/03/69  FILE  17 
SOURCE  B-  9  FLARE  Ll 


s 


CM  x* 
0 
CM 


<N0«lW/NVt<JV*3iS/SiiV*U  AHSN31NI  INVfOVM 


AlO 


KAVCLEN6TH  -  MICRONS 


TEST  DATE  8/28/M  FILE  56  RUNS  2®!.  282 
TEST  DATE  9/03/63  FILE  1 7  RUNS  205.  206 
SOURCE  B- tO  FLARE  NA 


All 


WAVELEN6TH  -  HI CRONS 


TEST  DATE  8/28/69  FILE  t 6  RUN  205 
TEST  DATE  9/05/69  FILE  1?  RUNS  20?.  208 
SOURCE  B-11  FLARE  K 


(N0d3lH/NVlQVtf3lS/SUV4>  A1ISN31NI  INVlQVtt 


A12 


VAVELEN6TH  •  KICRONS 


TEST  DATE  8/28/69  FILE  <6  RUN  205 
TEST  DATE  9/03/69  FILE  »7  Runs  209.  2« 0 
SOURCE  B*12  FLARE  RB 


t 


#- 


A13 


VAYELCN4TH  -  MICRONS 


IAVCID&Th  -  N I  CRONS 


AI5 


•avclemc th  -  mcaoMs 


UVCLEN6TH  -  RlCHftS 


vavclemth  -  mcfttts 


TEST  DATE  3/23/69  FILE  !( 
TEST  DATE  9/15/65  FILE  17 
SOltfCE  B-17  flahe  STOICh  hix 


aAVCLBKTM  -  KICaOttS 


A19 


«*vclem6Tm  -  melons 


VAVCLCNtTH  -  HICftOMS 


DATE  8/29/69  TILE  t(  Suns  309.  3«9 
DATE  9/04/69  FILE  17  RUN  406 
£  8-20  FLARE  HA  C104 


KAVELEN6TH  -  MICRONS 


APH5NDIX  B 


ALKALI  AND  ALKALINE  EARTH  FLAME  SPECTRA 
FROM  0.35  MICRON  TO  0.90  MICRON 


* igure  Bl. 

Grating  Spectra  of  Flames  From  Stoichiometric  Alkali  Flare  Compositions 


Li  NO 


Grating  Spectra  of  Flames  From  Alkali  Flare  Compositions  with  Constant  Ratio 
1 . 0  Mol  Magnesium  to  1.77  Mol  Oxygen 


MWNIHX 


(hound  tteparaiely  because  of  Page  hl*e) 

Kh|«) 4 *•»»  <>f  md  rle*  In  the  following  tabulation  is  preambled  her** 
t  >  aid  tl»«’  render  in  correctly  Interpreting  the  value*, 

\)  Nummary  Mending  I'M**, 

l, tuna  l  through  lh  briefly  describe  the  teat  conditions  anti 
Identify  the  flare,  The  energy  o.-nteht  of  the  mix  i a  calculated  by 
stahdnrd  procedure* ,  assuming  that  the  end  products  ere  magnesium 
•  <*tde,  nitrogen  amt  t  h«>  ont ion  element  . 

The  derivation  of  Lines  1*  anti  lit  l«  .obviously  frtm*  the  observed 
time  <>f  burn  ainl  the  values  in  Mne  lh, 

bine  20  results  from  the  numerical  integration  of  the  data 
tabulated  aa  Column  watt  ater”*  micron’*  over  the  range  0,U3» 
1,171  mt crons. 

Mne  Cl  la  calculated  b,v  multiplying  Mne  go  by  hfT  to  represent 
a  spherical  emitter,  by  the  burning  time  in  seconds  and  dividing  by 
the  flare  weight  in  grama, 

bine  ;v  la  obtained  by  forcing  the  product  of  the  values  in 
Column  2  with  the  spectral  luminous  efficacy  (see  U.8.A,  Rtandaui, 
"Nomenclature  and  Definitions  for  Illuminating  Engineering,"  RP-16, 
Aug,  16,  1067,  l>«.  0  ppa .  3.7'l.B)  vsluea  in  lumens  wstt’1  at  cor¬ 
responding  wavelengths  (the  resultant  product  of  which  is  given  in 
Columr  o)  and  numerically  integrating  the  result, 

blue  2„l  is  obtained  by  «)  finding  the  product  of  Line  3?  by  h  pf 
times  the  burning  time  divided  by  tbs  composition  weight  in  grama, 
and  b)  by  finding  the  product  of  Line  22  by  the  burning  time  In 
seconds  divided  by  the  composition  weight  in  grams,  i.e.,  candela 
sees  gm’l,  since  l  lumen  8*er'*l  is  1  candela,  by  definition. 

Line  2h  la  the  result  of  dividing  Line  23  (■),  lumen  seen  gm"1 
by  the  value  of  watt  seconds  gm“^  in  Line  ' and  ia  a  true  maasure 
of  the  luminous  efficacy  of  the  area  of  the  flame  that  yaa  measured, 
i.e,,  h.t  aqunre  millimeters. 

Line  2*5-27  values  are  derived  by  the  usual  calculations  from  the 
spectral  power  distribution  in  Column  2.  for  details  of  these 
computations,  see  any  good  text  on  colorimetry,  e.g.,  "Principles 
of  Illumination,"  H.  Cotton,  Wiley,  V  ),  pga.  186-197.  The  values 
quoted  define  the  excitation  purity  a  .  color  of  the  luminous 
radiation  from  the  flames. 
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Line  30-31  values  are  obtained  by  solving  Wien's  Law  for  temper¬ 
ature  and  using  the  values  in  Column  2  at  the  wavelengths  given  in 
Line  30-31  to  compute  the  corresponding  brightness  temperatures  for 
an  assumed  emissivity  of  1. 

Line  32  values  are  the  result  of  finding  the  ratio  between  the 
intensities  as  computed  by  Wien's  Law  at  two  different  wavelengths 
and  solving  this  expression  for  the  temperature.  If  the  emissivity 
is  not  a  function  of  temperature  or  wavelength,  it  need  not  be  known 
for  this  method  to  give  a  true  temperature  value. 

2)  Column  Contents. 

Column  1  gives  the  wavelength  in  microns  at  which  the  values 
shown  in  Columns  2  through  8  apply. 

Column  2  gives  the  radi?;u,  intensity  in  watts  steradian”1 
micron”1  computed  from  the  actual  measurements  of  the  flame  radiation 
and  is  the  basis  of  the  values  in  Columns  3  through  8. 

Column  3  values  are  obtained  by  dividing  those  in  Column  2  by 
the  largest  value  in  Co3.umn  2. 

Column  4  values  represent  the  area  under  the  curve  of  spectral 
radiant  flux  from  the  origin  at  0.43  micron  up  to  any  given  tabular 
entry.  They  may  be  used  to  find  the  net  flux  between  any  two  wave¬ 
lengths  . 

Column  6  values  are  the  product  of  those  in  Column  2  and  the 
spectral  luminous  efficiency,  to  create  the  visible  power  distribution, 
which  is  finally  multiplied  by  680  lumens  watt”1  to  obtain  the  value 
printed  at  each  wavelength. 

Column  7  values  are  analogous  to  those  in  Column  4,  for  luminous 
flux. 


AMWDIX  D 
KXmZMWTAL  DSTAIUI 

A  bri ef  description  of  the  equipsmnl  and  procedures  used 
to  obtain  the  data  la  believed  to  bt  daalrabla  In  ordar  that  othar 
investigators  nay  aaka  their  own  assessment  of  tha  results. 

Tha  apaotra  radlatad  during  tha  oombuetion  of  varloua 
oxldlaara  and  ma£teaiua  flaraa  praaaad  In  14"  (33  on)  l.d.  fish¬ 
paper  tubaa  havo  baan  raoordad  at  aablant  air  pressures  whloh  range 
froa  1,0  torr  to  760  torr.  Tha  apaotra  of  tha  Mg-NaMO.  oandlaa 
whloh  vara  burnad  at  varloua  aablant  praaauraa  vara  raoordad  vlth 
a  Perkin-Klmer  Nodal  108  aoannlng  apaotroaatar  o pa rating  at  about 
3  aoana  par  aaoond,  Tha  anargy  transmitted  through  ti.e  apaotroaatar 
vaa  dataotad  by  an  RCA  Typa  710C  photoau It 1 pilar  vlth  an  8-1 
photooathoda  oparatad  at  1250  volt a  D»  C,  froa  a  Typa  2K10  Power 
Dealgna  supply,  ragulatad  to  2xl0"3  percent.  Thla  dat actor  aaaa 
radiation  that  haa  baan  mechanically  ohoppad  at  5400  hara  for 
aapllfloatlon  by  a  Pr inoat on  Appllad  Faaaarch  Jl-4  phaaa  look 
aapllflar.  Tha  raotlflad  output  voltaga  froa  tha  JB-4  vaa  moni- 
torad  on  a  "Tektronix"  536-B  CRO  and  aiaultaneously  raoordad  on  a 
"Praclaion"  7  track  aagnatlc  tapa  rao ordar.  Tha  raoordad  analog 
algnal  tapa  vaa  prooaaaad  by  tha  Data  Analytic  8 act Ion  of  tha  SRI 
Klaotronloa  Divlalon  by  flrat  oonvartlng  tha  analog  sigaal  to 
digital  form,  during  vhloh  operation  tha  raoordad  algnal  vaa 
raviavad  to  allmlnata  bad  data*  Tha  raaultant  digital  tapa  vaa 
prooaaaad  on  tha  Burroughs  B-5500  computer  to  apply  faotora  for 
allt  width  of  apaotrooMtar,  nautral  danalty  filtar  transmission 
va  vavalangth,  and  ovarall  ayatam  raaponaa  aa  determined  by  tha 
standard  aource  input -to-output  ratio.  At  tha  tame  time,  tha  data 
waro  linearised  vlth  reapect  to  vavalangth,  for  oonvanianca  In 
plotting.  Factors  to  convert  tha  corraotad  algnal  amplitude, 
whloh  la  now  In  vatta  ml cron"1  ateradian"1,  to  lumana  ateradian"1 
micron'1  (or  candela)  vara  then  applied  and  tha  area  under  tha 
curves  calculated.  These  areas  provided  the  values  of  watt  star'1 
and  lumana  star'1  vhich  measure  tha  efficacy  of  tha  source  in  tha 
wavelength  range  that  was  recorded* 

The  scanning  spectrometer  detector  output  circuitry  vaa 
later  somewhat  simplified  by  the  elimination  of  the  5400  hara 
chopper  and  associated  lock-in  signal  amplifier,  phase  and 
frequency  generating  photodiodes,  etc*,  that  vere  installed  some 
years  ago,  when  the  experimental  work  vaa  emphasising  the  infrared 
spectral  region.  The  amplitude  of  the  electrical  signal  from  the 
photomultiplier  detectors  in  the  visible  and  near-infrared  vaa 
found  to  be  adequate  in  magnitude  without  these  extra  pieces  of 
equipment  and  their  accompanying  complications*  The  scanning  rate 
of  the  Perkin -Elmer  108  spectrometer  was  increased  to  16  per  second, 
of  which  only  the  scans  from  short-to-long  wavelength  was  used* 
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The  •fftctivt  scanning  rata  waa  thua  6  par  second  whiob  ia  actually 
an  increase  of  about.  5  times  in  tha  operating  apaad  of  tha 
apaotronatar.  This  would  hava  baan  too  faat  for  tha  5400  hart 
chopping  rata  of  tha  old  system  to  sample  proparly  and  waa  anothar 
raaaon  for  tha  ohanga  to  a  non-ohopped  noda  or  operation.  Tha 
additional  data  acquired  with  tha  inoraaaed  scanning  apaad  halpa 
to  raduoa  tha  randan  noiaa  lavol  in  tha  avaragad  signal.  It  waa 
found  that  tha  flint  glaaa  prism,  which  ltad  baan  uaad  for  sooa  time 
in  tha as  atudiaa  in  tha  vialbla  region,  oould  ba  raplaoad  to 
advantage  by  aalolum  fluorlda  baoauaa  tha  glaaa  prism  has  an  ax- 
oaaaiva  dispersion  in  tha  ahortar  wavelength  region  of  tha  apaotrum 
for  tha  praaent  naada  of  tha  program.  Aa  a  result,  tha  data  vhioh 
axlat  in  tha  rad  and  near-infrared— -from,  a  ay,  0,7  to  1.2  micron- 
ware  compressed  into  a  relatively  small  faaetlon  of  tha  total 
acquisition  time.  Whan  tha  data  ware  reduced  by  tha  computer,  tha 
non-linearity  of  the  flint  glaaa  dlaparalon  curve  cauaad  a  large 
number  of  amplitude  values  to  ba  read  out  par  micron  In  tha  short 
wavelength  region,  while  approximately  one-fourth  aa  many  ware  read 
out  In  tha  0. 6-1.2  micron  region,  Tha  calcium  fluoride  prism 
dlaparalon  la  alao  non-linear,  but  hat  a  shape  in  tha  region  of 
interest  that  la  more  favorable  in  terms  of  tqualising  tha  number 
of  valuta  read  out  par  wavelength  Interval.  As  a  ooneequenoe  of 
the  changes  in  the  apparatus  and  in  tha  data-taking  rate,  a  new 
eat  of  calibrations  for  wavelength  va,  time  and  amplitude  vs, 
spectral  radiant  intensity  were  required  aa  wall  aa  modi float ions 
in  tha  data  reduction  process.  One  somewhat  unfortunate  result  was 
an  increase  in  the  time  required  for  conversion  of  the  analog  data 
to  digital  form,  Prooeaalng  of  the  analog  signal  tape  waa  dona  by 
tha  Electronics  Division  of  DRI  during  this  time.  They  found  the 
work  load  imposed  was  Interfering  with  prior  ocaanitmenta  and 
contact  vaa  then  made  with  the  Environmental  Science  Services 
Administration  personnel  at  Boulder,  Colorado,  to  determine  how 
their  computing  and  data  handling  equipment  could  be  used  to  assist 
this  study.  Discussions  ware  held  with  the  objective  of  acquainting 
them  with  these  studies  and  the  problems  that  are  involved  in 
making  spectral  measurements  of  flares,  and  to  acquaint  us  with 
their  requirements  aa  to  the  form  in  vhlch  our  data  had  to  be 
presented  to  them.  The  reduction  of  the  data  on  the  alkali  and 
alkaline  earth  nitrate  oxidizers  waa  done  at  ESSA. 

Some  alight  changes  were  made  when  the  aeries  of  bums 
with  these  latter  compositions  were  studied.  All  of  these  tests 
were  made  at  local  ambient  atmospheric  pressure  which  is  taken 
to  be  630  torr.  The  flares  were  carefully  positioned  so  that  the 
same  region  of  the  flame  from  each  one  was  viewed  by  the  spectro¬ 
meter.  The  center  of  this  region  vas  located  one  inch  above  the 
end  of  the  flare  composition,  on  the  axis  of  the  flare  candle.  The 
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area  of  the  flaunt  that  vas  "a««n"  by  the  spectrometer,  with  tha 
fora- opt  lea  that  vara  used,  vaa  1.5  tljnaa  tha  diatnalon  of  tha 
spectrometer  entranoa  allt.  That  la.  If  tha  allt  la  aat  for  a 
width  of  0.2  mu  tha  region  from  vhloh  tha  radiation  entering  tha 
•peotremetor  acmes  la  0.30  mu  vida.  Tha  halght  of  tha  allt  vaa 
flxad  at  10.0  an.  and  thua  tha  halght  of  tha  region  vlavtd  In  tha 
flame  vaa  15.0  am.  Tha  aoouraoy  of  thaaa  dimensions  vaa  estimated 
to  ba  *6$,  Thua,  tha  radiation  that  haa  baan  analytad  In  thaaa 
lattar  atudlaa  oonaa  fron  a  raglon  vhloh  la  15  am.  high,  0.3  on. 
vide  centered  25  on.  above  tha  and  of  tha  cooposltlon.  (Conataat 
aettlnga  of  tha  apectroneter  entranoa  and  exit  elite  of  0.2  on, 
vara  uoed  In  thaaa  atudlaa).  Two  aaparate  detect ora,  tha  RCA  7102 
and  6217  photoaultlpUera,  vara  uaad  In  order  to  batter  cover  tha 
apectral  region  from  approximately  0.45  nlcron  -  1.16  micron,  vlth 
S  -  1  and  S  -  10  photo  oathodea  In  tha  7102  and  6217  reapectlvely. 

No  one  photocathode  available  in  a  photomultiplier  covera  thia 
entire  region  vlth  good  response. 

Two  Bauach  and  Lamb  1.5  mater  grating  apectrographa  were 
uaad  to  aecure  tine-integrated  apectra  of  thaae  a  ante  flare  a, 
almultaneoualy  vlth  the  apectra  recorded  from  the  scanning  apec¬ 
troneter.  One  spectrogram  vaa  taken  on  Linagraph  Shellburat  film 
and  covered  the  wavelength  range  0 .35' 0.7  micron,  the  limit  of  uaeful 
reaponae  from  this  film.  The  second  spectrograph  grating  vaa 
intended  to  efficiently  cover  the  same  0.35-0.70  micron  span,  but 
It  was  adjusted  to  cover  the  0.55-0.90  micron  region.  Focus  vaa 
not  as  sharp  as  that  of  the  visible  apectra  but  vaa  adequate  for 
detection,  Identification  and  qualitative  intensity  estimates.  This 
apectral  range  vaa  recorded  on  High  Speed  Infrared  film,  the 
response  of  which  decreases  very  rapidly  at  longer  wavelength* . 

The  response  of  these  films  Is  shewn  by  the  manufacturer’s  data 
reproduced  in  Figures  A-l  and  A-2. 

The  exposure  to  record  the  0.35-0.70  micron  region  vaa  made 
through  a  15  step  neutral  density  wedge  at  the  slit  In  all  cases. 

The  0.55-0,90  micron  records  vere  made  through  a  five-step 
platinum  filter.  Host  of  the  film  was  processed  in  S.  K.  Co. 

Type  446  monobath,  ftie  supply  was  exhausted  near  the  end  of  the 
series;  none  was  available  locally  and  processing  was  thereafter 
done  in  E.  K.  Co.  Type  H.  C.  110,  followed  by  Rapid  Liquid  Fixer. 
Some  difference  may  exist  in  the  absolute  density  produced  by 
these  tvo  processing  schemes  which  should  be  considered  when  com¬ 
paring  films  from  differ  mat  burns.  The  films  from  any  given  bum 
vere  both  processed  in  the  same  developer  and  are,  in  that  sense, 
comparable.  The  more  prominent  lines  and  band  heads  appearing  on 
these  negatives  vere  identified  and  one  aet  of  negatives  from  each 
flare  composition  marked  with  India  ink  to  shew  them. 


The  atapvadge  d anility  valuta  given  In  Tabla  A-l  art 
provided  for  uaa  In  estimating  the  Magnitude  of  the  intanalty 
variations  recorded  in  tha  apeotrograaa  vhloh  art  oontalned  in 
Appendix  I. 

All  of  the  data  were  obtained  fran  flare  a  burning 
lnalde  a  chamber  of  aix  feet  lnalde  length  and  diameter*  through 
glass  vlndova  3/4  lnoh  thick.  The  effeot  of  the  vindovs  and  that 
o*  the  external  eye tea  vaa  accounted  for  by  making  an  over-all 
ayatem  calibration  vlth  a  1000  vatt  quart a -iodine  lamp  poaltloned 
In  the  chamber  at  the  flare  location.  Ifce  apectral  ateradlancy 
produced  by  this  lamp  la  traceable  to  the  National  Bureau  of 
Standarde.  It  szuat  be  realised  that  theae  radiation  measurements 
are  extremely  difficult  to  make  vlth  much  accuracy.  For  example* 
the  National  Bureau  of  Standarda  in  dlaouaalng  their  calibration 
of  the  type  of  atandard  lamp  uaed  In  theae  flame  atudlea  state* 
that  the  accuracy  they  obtain  ranges  from  to  3%  in  the  region 
from  0.33  -  2.3  micron.1  Their  reaulta  vere  obtained  under  ideal 
conditions  from  precisely  controlled  sources.  It  la  probable  that 
the  current  measurement  a  on  flames  are  Intern-lly  quite  comparable; 
on  an  absolute  basic,  the  accuracy  la  relatively  poor*  but  still  as 
good  as  can  be  expected  under  the  conditions  which  prevail  in  the 
study  of  pyrotechnics. 


^Stalr,  Ralph,  Schneider,  Wm*  E.v  Jackson,  J.  K.,  "New  Standard  of 
Spectral  Irradianoe, "  Applied  Optics,  2,  1131,  1983. 


FIGURE  D-l 


LINAGRAPH  SHELLBURST  FILM  PROPERTIES 


Base:  ESTAR.  0.004-Inch  polyester  (polyethylene  terephthslate 
plastic).  Clair  and  colorlass  attar  procatslng. 

A  complata  discussion  of  tha  physical  properties  and  behavior  ot 
this  new  pass  is  available  on  request.  Ask  for  KODAK  Pamphlet  No. 
0*34.  » 


Characteristic  Curves:  KODAK  LINAGRAPH  Shallburst  Film  (ESTAR 
Base).  Exposed  to  daylight  Illumination  for  1/50  sscond.  Davalopad 
in  KODAK  Developers  D-19  and  D-76  at  68  F  (20  C)  with  continuous 
agitation. 


Spectral  Sensitivity  Curve:  KODAK  LINAGRAPH  Shallburst  Film 
(ESTAR  Base).  Developed  in  KODAK  Oeveloper  D-19  at  68  F  (20  C)  for 
8  minutes  with  continuous  agitation. 
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Reciprocity  Curve:  KODAK  LINAGRAPH  Shallburst  Film  (ESTAR 
Base).  Developed  in  KODAK  Developer  D-19  at  68  F  (20  C)  for  8  min¬ 
utes  with  continuous  agitation. 
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FIGURE  D-2 

HIGH  SPEED  INFRARED  FILM  PROPERTIES 


SENSITOMETRIC  DATA 
Spectral  Sensitivity*  Curves 

Developed  11  minutes  in  Kodak  Developer  D-76  at  68  F 


•Sensitivity  *=  reciprocal  of  exposure  (ergs/cm*)  required  to  produce  specified 
density  above  density  of  base  plus  fog. 

Scnsitometrlc  Curves:  For  average  product  and  average  processing. 


Exposure  Time  (seconds)  1/1000  1/100  1/10 

Exposure  Increase  (stops)  +1/3*  none  none 

•Increase  development  to  yield  7  percent  more  contrast. 

Forms  Available:  Kodak  High  Speed  Infrared  Film,  16mm— No.  HIR  430  (100- 
ft  roll  on  camera  spool  for  Kodak  and  other  high-speed  cameras).  Kodak  High 
Speed  Infrared  Film,  35mm-HIR  421-1  (100-ft  roll);  35mm-HIR  417  (100-ft 
roll  on  modified  No.  10  metal  camera  spool  for  Eyemo,  DeVry,  and  similar 
cameras). 
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This  report  summarizes  and  describes  an  extensive  spectroradiametric  study  of  the 
radiation  produced  in  the  0.43  micron  -  X.17  micron  region  by  flames  resulting  from 
the  combustion  of  magnesium  with  the  alkali  and  alkaline  earth  nitrates  and  with  sodium 
perchlorate  at  an  ambient  air  pressure  of  630  torr.  Both  fuel  rich  and  stoichiometric 
compositions  were  studied. 

Additional  studies  were  made  of  the  influence  of  the  ambient  air  pressure  on  the 
combustion  of  a  57%  Mg,  38t  NaNO  ,  51  Laminae  composition  at  ambient  air  pressure 
ranging  from  760  torr  to  1  torr  to  determine  quantitatively  the  decline  in  output. 

It  has  been  shown  that  1)  burning  rate,  radiance  and  luminance  decrease  exponen¬ 
tially  as  the  ambient  pressure  is  decreased,  and  quantitative  expressions  are  derived 
for  these  changes,  2)  the  ratio  of  visible  to  total  radiation  increases  as  the  pressure 
decreases,  3)  sodium  perchlorate  compositions  radiate  considerably  moro  in  the  region 
0.8-1.17  micron  than  sodium  nitrate  compositions,  4)  a  central  zone  of  the  flame 
radiates  more  energy  frem  stoichiometric  compositions  than  from  fuel  rich  compositions, 
5)  flame  temperatures  computed  from  the  spectra  agree  with  the  theoretical  predictions 
within  experimental  error,  6)  reasonable  emissivity  value  in  the  region  of  the  U  lines 
can  be  estimated,  7)  the  energy  radiated  in  a  particular  spectral  region  can  be 
maximized  by  a  proper  choice  of  the  oxidizer  cation. 
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